ABSTRACT Compared with the two-dimensional (2D) attributed scattering center model (ASCM), three dimensional (3D) fully polarimetric attributed scattering center model (FP-ASCM) is able to directly offer the target location, size, and orientation in 3D space, which plays an important role in noncooperative target recognition. Considering that 3D images of the target are hard to obtain, 3D fully polarimetric attributed scattering center feature extraction from sequential 2D SAR images is addressed, and a novel method is proposed based on sparse representation in a frequency-azimuth-elevation domain. The proposed method consists of two steps: scattering center associations from sequential images and 3D FP-ASCM parameter estimation. First, a new scattering center association method is proposed by using epipolar geometry and polarization characteristics. In this method, scattering centers from different images can be associated by minimizing their projection distance and polarimetric diversity. Second, 3D fully polarimetric attributed scattering center feature is extracted based on sparse representation in a frequency-azimuth-elevation domain. As 3D FP-ASCM includes eight target parameters and three radar parameters, the dimension of the parameterized dictionary is very large. Thus, parameter initialization and range-orientation uncoupling are adopted to reduce the dimension of the parameterized dictionary. The numerical results for electromagnetic computation data and measurement data show the efficiency of the proposed method.
I. INTRODUCTION
Synthetic aperture radar (SAR) which offers all-weather, day/night sensing at long range has been widely used in topographic mapping, mine detection, and target recognition [1] - [3] . In SAR imaging and SAR target classification, the attributed scattering center model (ASCM), which is motivated by the geometric solutions from physical optics (PO) and the geometric theory of diffraction (GTD), has been developed. A physically relevant signal representation can be provided by ASCM in automatic target recognition applications and radar signal processing [4] - [8] .
For three-dimensional (3D) visualization of the scene, a 3D fully polarimetric attributed scattering center model
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(FP-ASCM) is proposed. Compared with two-dimensional (2D) ASCM, 3D FP-ASCM can accurately describe the inherent scattering mechanism and provide more physical structures including target height and orientation. In [9] , a 3D FP-ASCM which describes the location, size, orientation, and relative amplitude of the target in 3D space is proposed for bistatic SAR. In [10] , [11] , a set of 3D FP-ASCMs for shapes that include plate, dihedral, trihedral, top-hat, cylinder, and sphere have been developed by interferometric SAR. These models are superimposed for the description of a complicated target structure.
3D fully polarimetric attributed scattering center extraction can be regarded as parameters estimation of 3D FP-ASCM from radar data. As different 3D canonical shape models have different representation types with high-dimensional model parameters, a complicated procedure is usually needed for parameter estimation. Many feature extraction methods are proposed based on image segmentation [10] - [12] . In [12] , 3D target images are obtained by 3D Fourier transform (FT) at first, on the assumption that attributed scattering centers are sufficiently separated, watershed transformation [13] is used to segment a 3D image. Then, an iterative model and subtraction technique is used to estimate the parameters of the 3D canonical shape model corresponding to each region. The image segmentation-based methods are comprehensible. However, the segmented region may be affected by its adjacent regions, which leads to the energy-leak effect [14] . Considered that high-frequency radar measurements of man-made targets are usually dominated by several individual scattering centers, the measurements are sparse in the frequency-aspect domain. In [15] , a sparse representation-based method is proposed for 2D attributed scattering center extraction in a frequency-aspect domain rather than in an image domain. To accurately describe the scattering characteristic, a parameterized redundant dictionary for 2D ASCM is built. However, there is an issues in terms of building the parameterized dictionary that the 2D ASCM is a projected parametric model in the image projection plane, so the parameterized dictionary does not include the height and orientation of the target. In this paper, a 3D fully polarimetric attributed scattering center extraction method is proposed by using sequential 2D SAR images. In order to describe the inherent scattering mechanism and alleviate the influence of closely placed scattering centers on each other, sparse representation in a frequency-azimuthelevation domain is used to extract 3D fully polarimetric attributed scattering centers.
As the target is viewed at different times and its scattering centers are viewed in different orientations as well, there is the problem that the positions of scattering centers in different images may vary widely. To address this problem, many methods are proposed for associating scattering centers in different images, such as the robust point-matching (RPM) method [16] and the coherent point-drift (CPD) method [17] . In these methods, the spatial transfer matrices between different images are used to project scattering centers onto the same plane, and then their adjacent scattering centers are associated. However, it is difficult to build accurate spatial transfer matrices with arbitrary flight paths of radar. In [18] , epipolar geometry is used to build a projective transformation from scattering centers in the one image to lines in the other image and the projective transformation is suitable for arbitrary two images. In this paper, a new scattering center association method is proposed by using epipolar geometry and polarization characteristics. In this method, as these scattering centers which reflect the same polarimetric characteristics may be derived from the same parametric model, polarimetric characteristics information can be used to associate scattering centers.
As 3D FP-ASCM includes eight target parameters and three radar parameters, the parameterized dictionary is very large, which increases the cost of computation and storage.
Considering that range characteristics are reflected in the phase term of the signal and azimuth characteristics are reflected in the amplitude term of the signal, range characteristics and azimuth characteristics can be uncoupled. In [19] , range calibration and azimuth calibration are performed independently for high-resolution and wide-swath SAR imaging. For 3D fully polarimetric attributed scattering center extraction based on sparse representation in a frequencyazimuth-elevation domain, the parameterized dictionary can be decomposed into a range dictionary and an orientation dictionary by using range-orientation uncoupling. As a result, a large parameterized dictionary can be replaced by two small parameterized dictionaries. In this paper, parameter initialization and range-orientation uncoupling are used to reduce the parameterized dictionary dimension. The parameter initialization scheme is performed by solving projection equations between 3D canonical model and sequential 2D SAR images, which can reduce the scales of parameters.
The main contributions of this paper can be summarized as follows.
1) Based on sparse representation in a frequencyazimuth-elevation domain, a 3D fully polarimetric attributed scattering center extraction method is proposed from sequential 2D SAR images. Compared with 2D attributed scattering center extraction method, the inherent scattering mechanism and more physical structures including target height and orientation can be accurately described by using the proposed method. 2) A new scattering center association method is proposed by using epipolar geometry and polarization characteristics. The projective transformation between scattering centers and lines from different 2D SAR images is built based on epipolar geometry. Then, scattering centers association is performed by minimizing the projection distance and polarimetric diversity among two scattering centers. 3) Parameter initialization and range-orientation uncoupling are used to reduce the parameterized dictionary dimension. As 3D FP-ASCM includes eight target parameters and three radar parameters, the dimension of the parameterized dictionary is very large, which greatly increases the cost of computation and storage. Thus, a parameter initialization scheme and range-orientation uncoupling are used to reduce the dictionary dimension. The remainder of this paper is organized as follows. In Section II, 3D FP-ASCM for 3D canonical shapes are introduced. In Section III, sparse representation theory is introduced briefly at first. Subsequently, a 3D fully polarimetric attributed scattering center feature extraction method is presented and key steps are discussed in detail, including scattering center association, parameter initialization, and high-accuracy parameters estimation. Numerical examples illustrating the efficiency of the proposed method are given in Section IV. Finally, the conclusions are drawn in Section V. 
II. 3D FULLY POLARIMETRIC ATTRIBUTED SCATTERING CENTER MODEL
3D FP-ASCM encodes scattering behavior as a function of frequency and relative angle with several parameters. Compared with the point-scattering model, 3D FP-ASCM provides a concise, physically meaningful description of the target structure. In [20] , a set of 3D canonical parametric models which include top-hat, trihedral, dihedral, and cylinder have recently been presented.
Under high-frequency approximations, the backscattered field from a complex target may be modeled as the sum of the responses from individual scattering centers [21] - [25] . The total backscattered field from the target can be given as follows [26] 
where Epq (f , θ, φ; i ) is the response ofpq polarimetric channel (p,q = H or V ), f is the frequency and f ∈ f c − B 2, f c + B 2 , B is the bandwidth, f c is the center frequency, the angles (θ, φ) describe the radar transmitter location in elevation and azimuth, S i,pq is scattering coefficient that captures the polarization dependence of the ith scattering center, c is the velocity of light, and r i is the distance from the ith scattering center to the scene origin. The SAR system is shown in Fig. 1 . The SAR flight trajectories are at different heights, and at each height, one SAR image can be obtained. Then, sequential 2D SAR images can be obtained by illuminating target at different elevation angles. Assuming that radar is in the far-field, the range r i can be obtained by
The variable M i (f , θ, φ; i ) indicates the parametric scattering model. The parametric models M i (f , θ, φ; i ) for four canonical scattering objects, top-hat, trihedral, dihedral, and cylinder have been shown in Table 1 [27] , and the geometry of the canonical scattering object is shown in Fig. 2 .
give the location, L i is the length, and (roll angleψ i , pitch angleθ i , and yaw angleφ i ) provide the orientation. According to the length L i , the scattering center can be categorized into a localized scattering center (top-hat and trihedral) or a distributed scattering center (dihedral and cylinder). The exponent α i of the frequency term jf f c α i describes the frequency dependence. The parameter α i is determined by the scattering model. As shown in Table 1 , the parameter α i of the top-hat model and cylinder model will be set to 0.5 and the parameter α i of the trihedral model and dihedral model will be set to 1.
Compared with 2D ASCM, 3D FP-ASCM can directly provide the height z and orientation ψ ,θ ,φ information of the target. The height resolution is related to the elevation aperture length h, and the expression of the height 58572 VOLUME 7, 2019 resolution ρ z can be given by
where R is the range between the radar and target, λ is the wavelength. Considering that the radar is in the far-field, the range R is much longer than the length h. Therefore the height resolution can be approximately presented by [28] 
where θ is the difference of the elevation angles in the two trajectory.
The sum of responses from individual scattering centers are obtained with radar parameters and target parameters i . We assume that the radar parameters (f , θ, φ) are known. In the next section, based on sparse representation in a frequency-azimuth-elevation domain, a 3D feature extraction method for target parameters i is proposed from sequential 2D SAR images.
III. 3D FULLY POLARIMETRIC ATTRIBUTED SCATTERING CENTER EXTRACTION BASED ON SEQUENTIAL 2D SAR IMAGES A. SPARSE REPRESENTATION FOR 3D FULLY POLARIMETRIC ATTRIBUTED SCATTERING CENTER EXTRACTION
Considering that the most backscattered field can be produced by a small amount of strong scattering centers, the return signal is sparse in a frequency-azimuth-elevation domain. Based on sparse representation, the responses in (1) can be expressed by
whereÊpq is the vectorization of Epq (f , θ, φ; i ). S is a sparse matrix of scattering coefficients and D ( ) is a parameterized dictionary. The parameterized dictionary D ( ) is given by
where N = | | is the cardinality of parameters set and d j is called atom corresponding to the jth element of parameter set . The normalized atom d j can be presented by
where vec (•) denotes the vectorization operator and • 2 denotes l 2 −norm. Considering the inevitable noise, the return signal can be expressed as
where N s represents noise which is independent of the atoms of the parameterized dictionary. From (8), 3D fully polarimetric attributed scattering centers can be extracted by solving the following problem:
where
S row−0 is in accordance with the sparsity of measurements S in the model parameter domain [29] and the l F − norm inequality constraint keeps the data fidelity of the solution with noise suppression under level ε. This optimization problem presented by (9) is Non-deterministic Polynomial-time hard (NP-hard) problem. To solve the sparse signal recovery problem, the OMP-RELAX algorithm [15] is adopted to obtain an approximate solution. In each iteration of the OMP algorithm, the relaxation algorithm (RELAX) [30] is introduced to eliminate the effects of adjacent scattering centers.
B. 3D FULLY POLARIMETRIC ATTRIBUTED SCATTERING CENTER EXTRACTION
From (6), it is necessary to build a large parameterized dictionary D ( ) to estimate those parameters simultaneously. As 3D FP-ASCM includes eight target parameters and three radar parameters, the dimension of the parameterized dictionary is very high, which greatly increases the cost of computation and storage. For fast and high-accuracy parameter estimation, the 3D fully polarimetric attributed scattering center method consists of three stages, whose block diagram is shown in Fig. 3 . Firstly, a new scattering center association method from sequential 2D SAR images is proposed. As scattering centers have been associated, the trajectory matrix which consists of ranges and Doppler frequencies of scattering centers is built. Secondly, attributed scattering centers can be reconstructed in 3D space by solving projection equations between the 3D canonical model and the trajectory matrix of scattering centers. These reconstructed 3D attributed scattering centers can provide the initial values for parameter estimation. By performing parameter initialization, the scale of parameters can be greatly reduced. Thirdly, range-orientation uncoupling is used to reduce the dictionary dimension. The large parameterized dictionary D ( ) is decomposed into two small parameterized dictionaries and high-accuracy parameter estimation can be obtained by using OMP-RELAX algorithm. The key steps are discussed in detail below.
1) SCATTERING CENTER ASSOCIATION
After Range Cell Migration Correction [31] for (1), SAR Images are formed by using 2D FT. Generally, the numbers of scattering centers in four single polarimetric (i.e., HH, HV, VH, and VV) SAR images are different. To reduce the false drop rate, these images are fused as follows [32] 
where T is the fused image and Tpq is image ofpq polarimetric channel. In order to extract scattering centers, the watershed transformation is used to segment SAR images into high-energy regions. The image of the target is segmented into a set of isolated image chips corresponding to a single attributed scattering center. Finally, the range and Doppler frequency of scattering centers can be extracted from the maximum of every region. As the target is viewed at different times and its scattering centers are viewed in different orientations as well, the radar data in general are unassociated. In fact, scattering center association can be considered as an assignment programming which assigns each unassociated scattering center to associated ones with the minimum assignment cost. To arrive at the minimum assignment cost, we establish an optimization cost function among two scattering centers as follows
where P is the number of scattering centers in the pth image, Q is the number of scattering centers in the qth image, k n p ,n q is control variable which is called association matrix. While the n p th scattering center in the pth image is associated with the n q th scattering center in the qth image, the value of k n p ,n q is 1.
Otherwise, the value of k n p ,n q is 0. The variables g n p ,n q and e n p ,n q are geometry coefficient and polarization coefficient which are analyzed below, and the variables ω g and ω e are the corresponding normalized weights. Geometry coefficient g n p ,n q : Epipolar geometry describes the mapping relationships between the two images. As shown in Fig. 4 , the normal of the n p th scattering center is projected to the qth image is a line called the epipolar line. As a result, then q th scattering center should be located on the epipolar line. The geometry coefficient g n p ,n q indicates the projection distance between the epipolar line of the n p th scattering center and the n q th scattering center in the qth image. The mathematical expression for the geometry coefficient g n p ,n q is presented as follows. Firstly, the projection matrix from the 3D canonical model to the SAR image is built. From (4), the Doppler frequency of the ith scattering center is now given by
where f di is the Doppler frequency of the ith scattering center and λ denotes the wavelength. The projection matrix from 3D canonical model to the pth SAR image can be expressed by
where [•] −1 denotes the reciprocal operator, and [•] T denotes the transposition operator. Then, the normal of the n p th scattering center be obtained by
where x p,n p t , y p,n p t , z p,n p t T is the normal of the n p th scattering center, r p,n p , f dp,n p are the range and Doppler frequency of the n p th scattering center in the pth image and ''×'' is the cross product. The epipolar line l p,n p q of the n p th scattering center in the qth image is given by
where r q,n p t ,f dq,n p t are the projective range and projective Doppler frequency of the n p th scattering center in the qth image. The projection distance between the epipolar line and the n q th scattering center in the qth image can be calculated by
where min (•) donates the minimization and T p is the time length of the chirp pulse. The expression λT p 2 is used to maintain the same units for the range and Doppler frequency. The enumeration method can be used to solve (??). While the n p th scattering center is associated with the n q th scattering center, the projection distance d n p ,n q is close to 0. Generally, a target has many scattering centers and there may be more than one scattering centers near the epipolar line l p,n p q . To address this problem, we introduce a correction factor to distinguish these scattering centers near the epipolar line as follows
is the projective matrix. Finally, the geometry coefficient g n p ,n q is given by
In (18), the geometry coefficient g n p ,n q indicates the difference between the n p th and n q th scattering centers in the same projection plane. A smaller value of g n p ,n q represents a higher probability that the two scattering centers are correlative.
Polarization coefficient e n p ,n q : As different models reflect different polarimetric characteristics, we associate the scattering centers that reflect the same polarimetric characteristics.
By using Polarimetric Target Decomposition (PTD) [33] , the 3D canonical model can be decided between odd or even bounce scattering types. Generally, the odd bounce corresponds to the cylinder and trihedral models, and the even bounce corresponds to the dihedral and top-hat models [34] . We adopt the Cameron decomposition method [35] to decide the scattering center type. As some scattering centers occupy more than one pixel, we separately calculate the percentages of even and odd bounce-scattering pixels, whose symbols are indicated as P even and P odd . The polarization coefficient e n p ,n q can be given by e n p ,n q = P even n p − P even n q 2 + P odd n p − P odd n q 2 . (19) The polarization coefficient e n p ,n q indicates the difference in polarization characteristics between the two scattering centers. As the polarization coefficient e n p ,n q is smaller, the association probability is higher.
Weighted coefficients ω g and ω e : The mathematical expressions of normalized weights ω g and ω e are presented by
e n p ,n q (20) It is noted that solving the cost function in (11) is a 0-1 linear assignment programming problem. While the number of scattering centers is large, the enumeration method is impracticable. The Jonker-Volgenant algorithm [36] is used to solve the linear assignment problem. The implementation process of optimizing the cost function by the Jonker-Volgenant algorithm is presented as follows.
1) From (18), (19) , and (20), we build the matrix A P×Q with the element a n p ,n q = ω g g n p ,n q + ω e e n p ,n q . 2) To ensure that each row and each column of A P×Q contain zero elements, we subtract the minimum of each row from all the element of each row and subtract the minimum of each column from all the element of each column. that is, the row and column which contain the zero element have no other zero elements. If the number of the independent zero element is equal to the rank of A P×Q , the control variable k n p ,n q can be obtained by the element a n p ,n q : if the element a n p ,n q is equal to 0, the value of k n p ,n q is 1; otherwise, the value of k n p ,n q VOLUME 7, 2019 is 0. If the number of the independent zero element is more than the rank of A P×Q , the process goes to the 3) to continue. In summary, the process of scattering center association is described in Table 2 .
It is noted that the proposed association method has two advantages: one advantage is that the association between the scattering center and the image is simplified to the association between the scattering center and the epipolar line. The other advantage one is that polarimetric scattering characteristics are used to associate scattering centers. However, if the range and Doppler frequency resolutions of the images are low, the performance of the proposed association method may clearly degrade.
2) PARAMETER INITIALIZATION
As scattering centers have been associated, we obtain the trajectory matrix which consists of the ranges and Doppler frequencies of the scattering centers in different SAR images. By using the trajectory matrix of the scattering centers, the attributed scattering centers can be reconstructed in 3D space. Then, the initial values of parameters will be calculated as follows.
Location: Equation (13) provides the projection matrix from 3D canonical model to the images. Therefore, we establish projection equations between the 3D location of scattering center and trajectory matrix
T denotes the 3D location of scattering center, and N is the number of images. Then a least squares sense is adopted to solve (21) and the initial location of scattering center is given by
whereD is the projection matrix and Y is the trajectory matrix of scattering centers. It is noted that the factorization method [37] also uses the projection equations between 3D canonical model and SAR images to estimate 3D location of scattering centers. However, the factorization method cannot provide the real location information without cross-range scaling. Compared with the factorization method, the proposed method does not need cross-range scaling, which would be thought as an advantage. Length: Generally, the length of localized scattering center is zero, so we only need to estimate the length of distributed one. Firstly, Hough transform [38] is used to extract the bright scattering line in the image of the distributed scattering center. Then, the two endpoints of the bright scattering line are extracted by edge detection [39] . We calculate these 3D locations of the two endpoints p i,1 , p i,2 by using (22) . Finally, the length can be calculated by
Orientation: Since the orientation of the distributed scattering center is consistent with the orientation of the bright scattering line L i in the SAR images, the orientation of the distributed scattering object can be initialized by estimating the rotation matrix of L i . We assume that while the rotation angles are zeros (i.e.ψ i = 0,θ i = 0, andφ i = 0), the object orientation is defined asL i = [0, 1, 0] T . The unit rotation axis I i around whichL i rotates to L i and the correspond rotation angle η i are given by
From (24), the rotation matrix R i is obtained by Finally, the object orientation can be obtained bỹ
For the localized scattering center, we initialize the orientation asψ i = 0,θ i = 0, andφ i = 0.
Derived from the initialization scheme above, the estimation accuracy of the location is influenced by image resolution. To get better performance, an interpolation method [40] can be utilized to enhance image resolution.
3) HIGH-ACCURACY PARAMETER ESTIMATION
For high-accuracy parameter estimation, it is necessary to build a parameterized dictionary to estimate those parameters simultaneously. Though, the initial values are close to the true values, the parameterized dictionary D ( ) is still large. Considering that range characteristics are reflected in the phase term of (1) and orientation characteristics are reflected in the amplitude term of (1), the range dictionary and the orientation dictionary are built instead of the large dictionary D ( ). The process of range-orientation uncoupling for parameter estimation can be seen in the following parts.
Building the range dictionary and the orientation dictionary: The parameter set r which only consists of the location information can be presented by
where (x 0 , y 0 , z 0 ) are the estimated initial values. The range dictionary D ( r ) can be given by (28) where N r = | r |. According to (7), the jth normalized atom d j can be written as
Similarly, the parameter set a which only consists of the length and orientation information can be presented by
where L 0 ,ψ 0 ,θ 0 ,φ 0 are the estimated initial values. The orientation dictionary D ( a ) can be given by (31) where N a = | a | and the jth normalized atom d j can be written as
Range-orientation uncoupling: The OMP algorithm selects an atom of the dictionary according to the correlation between atoms and the signal. We use the range dictionary and orientation dictionary instead of the large dictionary D ( ) to calculate the correlation coefficient matrix
where r s is the residual signal in the previous iteration of the OMP algorithm and the dimension of r s is M × 1, R (r s ) is an M × M matrix and each column of R (r s ) is r s . Equation (31) can be seen as the projection of the residual signal r s onto the orientation dictionary. C x, y, z, L,ψ,θ ,φ is the correlation coefficient matrix and each element of C x, y, z, L,ψ,θ ,φ is the correlation coefficient between the residual signal r s and the atom corresponding to each parameter. The row and column of maximum value of the correlation coefficient matrix can be given by
The high-accuracy estimated parameters (x, y, z) are the parameters corresponding to the i m th column in the range dictionary D ( r ) and the high-accuracy estimated parameters L,ψ,θ ,φ are the parameters corresponding to the j m th column in the orientation dictionary D ( a ).
The dimensions of the range and orientation dictionary are N r × M and N a × M . Compared with the original dictionary D ( ) whose dimension is N r N a × M , the cost of storage drops dramatically. Then, the complexity of the proposed method is briefly analyzed. We assume that the sparsity is K , the corresponding complexity is
IV. EXPERIMENTAL RESULTS
In this section, experiments are presented to show the efficiency of the proposed method. Firstly, the performance analysis of the scattering center association is given in comparison to other association methods. Secondly, the proposed method is tested with electromagnetic computation data and measurement data.
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A. ASSOCIATION PERFORMANCE ANALYSIS
Here, an experiment is presented to compare the performance of the proposed association method with the RPM method [16] and CPD method [17] by calculating the correct associated rate. Assume that the carrier frequency f c = 10GHz, frequency bandwidth B = 2 GHz, and pulse repetition frequency (PRF) f p = 200 Hz. Thus, the range resolution of the SAR image is r = c/2B = 0.075m, and the Doppler frequency resolution of the SAR image is f d = f p /512 = 0.39Hz. The numbers of the four canonical scattering objects (top-hat, trihedral, dihedral, and cylinder) are 15, and each object is placed at different separations from the others. We evaluate the robustness of the proposed association method to elevation angle θ and azimuth angle φ. To eliminate the interactions between elevation angle θ and azimuth angle φ, the experiment falls into two parts: the location of the radar varies in azimuth angle φ, and the location of the radar varies in elevation angle θ . 5 shows the correct associated rate of the CPD, the RPM, and the proposed method. While the range and Doppler frequency resolution are high, the proposed method is more robust for angle (θ, φ) than either the RPM or the CPD method. There are two reasons for this. Firstly, the proposed method uses polarization information. Secondly, the proposed method builds the association between the scattering center and the epipolar line instead of the association between the scattering center and the image. As the relative angles increase, the performance of the proposed method gradually decreases. The reason for this is that the positions of the scattering centers in different images vary widely, so that the correction factor cannot accurately distinguish scattering centers near the epipolar line. To get better association performance, the proposed method needs high range and Doppler frequency resolution, and a small rotation angle (θ, φ)
B. FEATURE EXTRACTION RESULTS ON ELECTROMAGNETIC COMPUTATION DATA OF A TANK
In this section, we take a tank model, and simulate the scattered signal according to GTD. The 3D tank model is shown in Fig. 6 . The radar frequency is centered at 10GHz with a Fig. 7 and Fig. 8 . Although the SAR images in HH and VV polarimetric channels can provide the physical structure and orientation of target, the single polarimetric data lose the polarization information. In order to show the advantage of using fully polarimetric data, we also use HH polarimetric data to extract 3D attributed scattering center.
The range resolution of the SAR image is 0.075m, and the Doppler frequency resolution of the SAR image is 0.39Hz. In (28) , the values of x, y, and z are set as a quarter of the range resolution unit. In (31), the value of ψ , θ , φ and L are set as 0.5 • and 0.02m.
We present feature extraction results on the data for the tank. Firstly, some interesting and important attributed scattering centers are extracted, such as the gun barrel and wheel fenders of the tank. The gun barrel is the unique physical structure of tank, and these wheel fenders can show the size and orientation of the tank. The reconstructed SAR and pseudocolor images are shown in Fig. 9 . Seven strong scattering centers are extracted. The geometric scattering information of the target and its major structural features can be retrieved interactively according to the parameters of the 3D FP-ASCM.
As shown in Fig. 9 , the gun barrel of the tank is broadside to the radar so that the magnitude of gun barrel is much larger than that of other parts of tank. Considering that the radius of the gun barrel is larger than the resolution unit, there are two attributed scattering centers extracted from the front and back sides of the gun barrel. The estimated parameters of the gun barrel are shown in Table 3 . The gun barrel is judged as a cylinder model. The estimated average length of the gun barrel is 2.05m (actual length is 2m) and the average orientation of the gun barrel is ψ = 0.6
According to the parameters of the extracted attributed scattering centers of the tank shown in Table 4 , the two wheel fenders can be modeled as cylinder mldels. The length of the tank is equal to the average of the length of the two wheel fenders, i.e., 2.85m (the actual length is 2.8m), the width of the tank is equal to the range difference between the two wheel fenders, i.e., 1.62m (the actual width is 1.6m), and the orientation of tank is equal to the average of the orientations of the two wheel fenders, i.e., ψ = 0.75
These parameters of the other extracted attributed scattering centers are shown in Table 5 . Scattering center 5 and 6 are judged as dihedral models, and scattering center 7 is judged as top-hat model. These attributed scattering centers can describe the other tank bodies, such as the gun turret and air outlet. As shown in Fig. 9 , although scattering center 3 and scattering center 6 are very close, the accuracy of the parameter estimation is still high. Table 3 , Table 4 , and Table 5 also show the extraction results with the single polarimetric data. The estimated parameters (location, length and orientation) of the seven scattering centers are close to the true value. The extraction results are consistent with the single polarimetric data containing enough physical structure and orientation information of target. However, the estimated parameter α of scattering center 6 is wrong and its scattering model is wrongly judged as a cylinder model. There are two reasons for this. Firstly, the relative bandwidth B f c is small, the influence of frequency-dependence term jf f c α will be small. As scattering center 6 is very close to scattering center 3, the estimated parameter α of scattering center 6 (α = 1) will be affected by scattering center 3 (α = 0.5). So the estimated parameter α of scattering center 6 is wrong. Secondly, as shown in Table 1 , the single polarimetric responses of dihedral model and cylinder model are similar. So the wrong parameter α of scattering center 6 will cause the wrong judgment of the scattering model of scattering center 6. The estimated model parameters are used to generate 3D iconic visualizations in Fig. 10 . In the canonical scene scenario, the icons are 3D attributed scattering center models placed by estimated location, length, and orientation. These 3D attributed scattering centers are identical to the unique physical structure and decompose the complex target into simpler scatters.
From these experimental results of electromagnetic computation data, we can see that the proposed method can not only recover radar data accurately with regard to energy, but also extract some interesting and important attributed scattering centers, such as the gun barrel, the wheel fenders, the gun turret, and air outlet of the tank.
The computation times and memory requirements of each stage can be seen in Table 6 . From Table 6 , we can find that the computation loads in scattering center association and parameter initialization are negligible.
C. FEATURE EXTRACTION RESULTS FROM MEASUREMENT DATA OF A FIRE TRUCK
In this section, the measurement data of a fire truck are analyzed. The data of the fire truck are collected at elevation angle θ = 10 • and θ = 25 • with the same azimuth angle φ ∈ [267 • , 273 • ] and the step size of azimuth angle is the same 0.02 • . These fully polarimetric SAR images are shown in Fig. 11 and Fig. 12 . Generally, scattering centers of targets are generated from the edges, corners and tips, therefore these strong scattering centers are able to present the physical structure and interesting components. In this experiment, these strong scattering centers are extracted, and target physical structure are retrieved. In order to show the advantages of using fully polarimetric data and test the performance of the proposed method, we present three extraction results: 1) using fully polarimetric data to extract 3D attributed scattering centers; 2) using HH polarimetric data to extract 3D attributed scattering centers; 3) according to the method in [15] , using fully polarimetric data to extract 2D attributed scattering centers. These extraction results are shown in Table 7, Table 8 and Table 9 .
In order to visualize these 3D attributed scattering centers which are extracted by using fully polarimetric data, the estimated model parameters are used to generate 3D iconic visualizations in Fig. 13 . The black, red and cyan icons are placed by estimated location, length and orientation. Scattering center 1 is judged as a dihedral model, which is consistent with the front lip of the fire truck. Scattering center 2 is judged as a cylinder model, which presents the caution light of the fire truck. Scattering center 3 and 4 are Compared the single polarimetric results with the fully polarimetric results in Table 7, Table 8 and Table 9 , the estimated parameter α of scattering center 1 is wrong and its scattering model is wrongly judged as a cylinder model. The reason is that there are many edges near the scattering center 1, so these edges which can be judged as cylinder models (α = 0.5) will affect the estimation of parameter α.
In order to test the performance of the proposed method, we first compare the extraction results of 3D FP-ASCM with 2D FP-ASCM. As shown in Fig. 13 , these attributed scattering centers can present the location, size and orientation of the fire truck in 3D space. The length of the fire truck can be calculated by the average of distances between scattering center 1 and the two scattering centers (3 and 4) . The width of the fire truck can be calculated by the distance between scattering center 3 and scattering center 4. The height of the fire truck is determined by the height of scattering center 2. The orientation of the fire truck can be calculated by the average of the orientations of scattering centers 1 and 2. Based on the above analysis, we can obtain the major structure information of the fire truck. Table 10 shows the comparison between true values and estimated values of the major structure. It is seen that some structural parameters (width of body, interval of steps, and width of scaling ladder) can be accurately estimated by using the two method. However, the estimated errors of the length are larger than the resolution unit. The reason is that an occlusion issue keeps scattering center 2 away from the rear of the fire truck. Besides, there is a disadvantage of the method in [15] that the height and orientation parameters cannot be estimated. As a significant improvement, the proposed method can extract 3D attributed scattering centers which contain the height and orientation information of the fire truck.
In order to test the performance of the proposed method in computational complexity, we present the computation times and memory requirements of the proposed method and the method in [15] . In Table 11 , it can be seen that the proposed method has much higher time efficiency and fewer memory requirements. The reason is that the 2D feature extraction method has no parameter initialization in the attributed scattering model. Although 3D FP-ASCM has more parameters, we use a parameter initialization scheme and range-orientation uncoupling to reduce the dictionary dimension, so the memory requirements are fewer. As the computational complexity is related to the dictionary dimension, the computation time is also reduced.
V. CONCLUSION
In this paper, based on sparse representation in a frequencyazimuth-elevation domain, a 3D fully polarimetric attributed scattering center extraction method is proposed from sequential 2D SAR images. In order associate scattering centers from sequential images, an association method is proposed based on epipolar geometry and polarization characteristics. As 3D FP-ASCM has many parameters, it may significantly increase the dimension of the parameterized dictionary. Parameters initialization and range-orientation uncoupling are adopted to reduce the dimension of the parameterized dictionary. Numerical results with electromagnetic computation data and measurement data show its performance in 3D fully polarimetric attributed scattering center extraction and target physical information retrieval. Further work is needed to improve the computational efficiency of the proposed method.
